Background and objectives: The feasibility and additional value of combining bioimpedance analysis (BIA) with nearsubject absolute measurement of total body water using deuterium dilution (TBW D ) in determining longitudinal fluid status was investigated.
T he management of fluid status in patients with advanced renal failure (stage 5 chronic kidney disease) is both difficult and critical because high mortality is driven by cardiovascular disease in a setting of chronic fluid overload and suboptimal nutrition. The difficulty has two major components: (1) The practical problems that interfere with achieving good volume status, such as excess interdialytic weight gain (1), intradialytic hypotension, cardiac stunning (2) , and impaired baroreceptor reflexes (3), all associated with increased mortality, and (2) the problem of determining accurate fluid status in hemodialysis (HD) patients. The latter is especially confounded by longitudinal changes in body composition, frequently abnormal at the start of dialysis but progressively changing and often deteriorating, especially in patients with additional comorbidities (4) .
Bioimpedance analysis (BIA) is a promising tool to aid clinicians with this problem. In measuring resistance, inversely related to tissue water content and reactance, proportional to the cell membranes and thus cell mass, it provides the clinician with an index of how these two components of body composition are in proportion to each other and how they change longitudinally with time (4, 5) . The challenge arises in converting these measures into liters of body fluid (and so directly influencing dialysis prescription), which requires use of algorithms that all require some degree of assumption when replacing actual measurement (5) . They usually describe healthy populations well but have wide confidence limits when compared with gold standard methods such as stable isotope dilution. These problems are magnified in unhealthy individuals, in whom body composition is usually abnormal and in particular when tissue hydration is disturbed. To resolve this problem, we developed a near-patient rapid breath test method that is designed to enable absolute measurements of total body water (TBW) using the gold standard deuterium (D) dilution method in the HD clinic (6, 7) . We present a proof-of-principle study to demonstrate both that it is feasible to do this in a busy dialysis facility and that there is added value in combining the absolute TBW measurement by breath D dilution with the relative fluid status and body composition technique of a multifrequency, multisegmental BIA.
Materials and Methods

Study Design
This was a prospective, longitudinal, observational study of prevalent HD patients who were treated in two university hospital dialysis facilities. Patients underwent fluid status and body composition assessment using BIA and near-patient D dilution at baseline and at 12 mo. The clinical dry weight of patients was assessed and regularly reviewed as part of their routine care by clinicians who were blinded to the body composition data. The patients' comorbidities were recorded using the Stoke comorbidity score (8), a validated tool that predicts survival in HD patients (9) . The score is an arithmetic sum of up to seven comorbidities: Ischemic heart disease, peripheral vascular disease (includes cerebrovascular), left ventricular dysfunction, diabetes, connective tissue disorder, active noncutaneous malignancy, and another life threatening illness. Subjective global assessment was performed at baseline and 12 mo to assess nutritional status. TBW by anthropometric equations (Watson, Hume-Weyer, Chumlea, and Chertow equations; see appendix) were calculated on the basis of their postdialysis weight (10, 11) . The study protocol was approved by the local ethics committees, and all patients gave their written informed consent.
TBW D Measurement Using Flowing-Afterglow Mass Spectrometry
Flowing-afterglow mass spectrometry (FA-MS) is a prototype device developed by Trans Spectra Ltd, UK, which enables real-time quantification of deuterated water vapor in exhaled breath and hence nearsubject noninvasive measurement of absolute TBW D using the dilution principle validated in healthy individuals (6, 7) . The FA-MS method has been detailed in previous publications, in which it has been shown to measure the D content of water vapor in breath or the head space of liquids to within 1% (12) . The D abundance was obtained using the FA-MS data acquisition program (SCILIB library 4.96, Patrik Spanel, Trans Spectra Ltd., http://www.transpectra.com). The breath-sampling protocol used to measure TBW D was published recently (13) and is represented in Figure 1 . Briefly, patients were administered after dialysis a measured dose of D 2 O, in the range of 20 to 30 ml according to postdialysis body weight. TBW D was measured on the next dialysis day. Interdialytic urine outputs were measured and their interdialytic weight changes were recorded to calculate the TBW D on the day of ingestion of D 2 O (see Figure 1 ). Using this protocol, repeated independent measures of TBW were highly correlated (R ϭ 0.99, P Ͻ 0.001) with a coefficient of variation of 2.6%.
Measurement of Body Composition and Fluid Status Using BIA
BIA measurements of resistance and reactance were taken in the recumbent position after 5 min of rest immediately before dialysis and at least 15 min after dialysis using a multifrequency (1, 5, 50, 250, 500, and 1000 kHz), multisegmental, eight-point contact tetrapolar BIA device (InBody S20; Biospace, Seoul, Korea). This device has previously been validated in normal subjects using both D dilution and dualenergy x-ray absorptiometry (14, 15) . TBW BIA , extracellular water (ECW), lean body mass (LBM), skeletal mass, and body fat mass were derived on the basis of the manufacturer's impedance algorithm, which sums estimates for each of the limbs and the trunk.
Statistical Analysis
Statistical analyses were performed using SPSS 16 
Results
Patients
Fifty-nine HD patients (demographics are summarized in Table 1 ) were recruited. They underwent thrice-weekly bicarbonate-based in-center HD. Dialysis time ranged from 240 to 300 min. The mean vintage of dialysis was 3.3 Ϯ 3.9 yr, and mean single-pool Kt/V was 1.43 Ϯ 0.46. Of the patients who did not complete the study (n ϭ 16), there were seven deaths, three transplants, and six withdrawals (one because of hospital admission). 
TBW D Compared with TBW Estimated by Anthropometric Equations and BIA at Baseline and 12 Mo
TBW D at baseline and at 12 mo were highly correlated with TBW estimated by anthropometric equations and BIA (Table 2) . There was also a high level of correlation between the resistance indices at all frequencies measured by the InBody BIA device (R ϭ 0.841 to 0.898, P Ͻ 0.001) with the absolute TBW D .
Relationship among TBW D , TBW BIA , and Comorbidity at Baseline and 12 Mo
Despite this high level of correlation between measured and estimated TBW for the whole population, there were significant differences between absolute TBW D and the TBW BIA both at baseline and at 12 mo, such that BIA underestimated the volume by 1.62 Ϯ 3.11 and 3.88 Ϯ 3.91 L, respectively (both P Ͻ Figure 1 . Protocol for determining TBW BIA and TBW D .
0.001). At both time points, this difference was very significantly associated with comorbidity burden (Figure 2 ). At baseline, this discrepancy was incrementally greater the higher the comorbidity score [ANOVA F (2,56) ϭ 6.20; P Ͻ 0.005, ϭ 0.39]. This increasing discrepancy demonstrated an incremental linear effect [ANOVA F (1,56) ϭ 12.19; P ϭ 0.001, ϭ 0.41; Figure 2A ], which was also observed at 12 mo, with patients in the higher comorbidity group having the greatest difference between the TBW D and TBW BIA measurements [ANOVA F (2,39) ϭ 5.33 (P Ͻ 0.01, ϭ 0.41) versus F (1,39) ϭ 10.28 (P ϭ 0.003, ϭ 0.44)]. In fact, the discrepancy was more marked at 12 mo and was associated with increased obesity as determined by BMI (R ϭ 0.47, P ϭ 0.002).
Relationship between Comorbidity Grades with ECW/ TBW BIA and TBW D
The ECW/TBW BIA was greatest in patients with higher comorbidity grade at baseline and at 12 mo ( Figure 2B) ; however, higher ECW/TBW BIA was also associated with lower LBM at baseline (R ϭ 0.28, P ϭ 0.03) and at 12 mo (R ϭ 0.40, P ϭ 0.008), and there were no differences in ECW normalized for height according to degree of comorbidity, indicating that the abnor- mal ECW/TBW BIA was mainly due to the reduced muscle mass (TBW) component of the ratio. The difference between TBW D and TBW BIA was greater in patients with higher ECW/TBW BIA at baseline and at 12 mo (R ϭ 0.40, P ϭ 0.001; and R ϭ 0.40, P ϭ 0.008 respectively), again suggesting that the patients were more overhydrated than the BIA indicated.
Longitudinal Paired Analysis of Fluid Status and Body Composition of Patients According to Comorbidity
For the whole population, BIA did not identify significant longitudinal changes in body composition, including TBW (0.08 Figure 2 . (A) Difference between measured TBW D and estimated TBW BIA at baseline and 12 mo according to grade of comorbidity; at both time points, BIA underestimates the TBW with increasing comorbidity. (B) Ratio of ECW:TBW derived from BIA at baseline and 12 mo according to grade of comorbidity; comorbidity is associated with an increased ratio. Data are mean, interquartile range (box), and complete range. In both cases, P values refer to unpaired data, ANOVA (for paired data analysis, see Table 3 ). For statistical tests of the incremental effect of comorbidity, see text. (Tables 3 and 4 , Figure 3 ) and individual levels ( Figure 4) . In patients without comorbid disease, BIA did identify a significant increase in LBM and TBW, indicating that the increase in TBW BIA and TBW D was largely attributable to a gain in muscle mass, although there was also an increase in the estimated ECW BIA . In patients with intermediate comorbidity, BIA did not identify significant changes, but TBW D indicated an overall increase in tissue hydration. In the patients with more than two comorbidities, only seven (50%) remained in the study at follow-up. They had NS reduction in weight and LBM combined with an increase in TBW D , resulting in a significant increase in their overall hydration (TBW D normalized for weight).
Discussion
This is the first study to describe the combined use of relative and absolute point-of-care methods to monitor longitudinal fluid status and body composition in a cohort of HD patients. We demonstrated that these near-subject methods were well tolerated by patients and feasible in the busy environment of a dialysis facility. Using these techniques, we were able to identify and quantify overhydration that was proportional to comorbid burden during the 12 mo of the study. We also identified changes in body composition and hydration status that also varied by comorbidity, which seemingly may not have been apparent on clinical assessment. Specific case examples were identified that demonstrate the value of combining these measures in tracking individual changes in body composition (Figure 4) .
Although many studies describe the use of BIA to assess body composition in HD patients, these are generally crosssectional in nature and only occasionally validated by contemporary gold standard methods such as stable isotope dilution (16 -18) . As with other studies, we found a strong correlation between all of our measures and estimates of TBW, and the excellent correlation and agreement between TBW D and TBW-BIA (truly independent measures), is similar to that reported in the literature for both normal (7) and dialysis populations. BIA was also shown previously to predict survival in dialysis patients: Using the relationship between measured reactance and resistance, expressed as either the phase angle or the ratio of algorithm-derived fluid compartments (e.g., ECW:TBW), this is a strong predictor independent of age and other factors (19) . We also found that this BIA measure (ECW:TBW) was very significantly related to the Stoke comorbidity score but that it was the reduced TBW component of the ratio that explained almost all of this relationship, reflecting the muscle wasting associated with disease burden, age, and inflammation as mortality risk increases.
One of the novel observations in this study is the increasing discrepancy between BIA-derived and isotope-measured TBW as comorbid burden increased. There are two possible explanations for this: Either BIA is systematically overestimating the intracellular component of TBW in all patients but disproportionately more so in those with less comorbidity, or it is underestimating TBW in more comorbid patients as a result of the ECW component. For several reasons, the latter is more likely, not least because the InBody algorithm has been validated in normal European individuals, for whom it does not overestimate TBW (14) , and the absolute measured TBW was higher, not lower, than estimated by BIA. There are several explanations as to why the BIA might underestimate the TBW, in particular the ECW component, in sicker patients. First, BIA is relatively insensitive to truncal fluid and fluid in third spaces such as the pleural cavity, where fluid may accumulate in patients with more severe comorbidity. Second, related to this, BIA is less accurate when body composition, especially body shape, is more abnormal, for example when patients are more obese. In this study, the discrepancy between TBW D and TBW BIA did increase with increasing body mass index, although this might well be a secondary association with comorbidity. Third and likely of greatest importance, however, is the in-built assumptions of the algorithms used by all BIA devices to compute absolute volumes, which assume a fixed value (usually 0.73) for the hydration of lean tissues (demonstrated in Figure 3 ). That tissues are significantly Table 4 . Number and type of actual comorbidities present by comorbidity group (86) overhydrated, including fat and lean body structures, in the presence of increased comorbid burden is highly plausible in HD patients, and the data presented here suggest that this typically ranges between 1.5 and 5.0 L. That this was found to be even more marked at 12 mo than at baseline and in both study centers underpins the reproducibility and thus significance of this observation. Although this excess hydration associated with comorbidity in HD patients, as distinct from an abnormal ECW-TBW ratio, has not been reported previously, it is worth noting that in a recent study that evaluated a new algorithm for determining fluid volumes from multifrequency BIA, TBW and extracellular fluid (ECF) volume, measured by D and sodium bromide dilution, respectively, were underestimated by BIA in the study center in which all of the patients were on dialysis when compared with centers that investigated healthy subjects (18) . Chamney et al. (20) proposed a new approach to modeling fluid volumes in individuals who are likely to have excess ECF: The measured intracellular water minus body weight is subtracted from the measured ECW volume, using derived constants to correct each component for normal hydration so that the net difference reflects the quantity of excess fluid. Conceptually, this is strongly supported by the observations in this study; however, when using this approach, which still relies on the strict use of algorithms, we were not able to observe a relationship between excess fluid and comorbidity using the BIAderived volumes alone, only when the measured TBW D volumes were substituted, indicating the additional value of obtaining an absolute individual value for TBW when estimating fluid excess. Previous longitudinal studies using BIA to detect changes in body composition usually focused on within-dialysis treatment changes, examining vector length, total body, or segmental changes associated with acute fluid removal (21) (22) (23) or changes in derived ECF volume in the short term, in an attempt to define the appropriate dry weight for a patient (24) . Generally, these studies have been able to identify relative changes in resistance and impedance in keeping with short-term fluid shifts, although they have not usually been validated with paired changes using isotopic dilution methods. Another new finding of this study was that longitudinal changes during a 12-mo period were influenced by comorbidity, not unexpected, but also that BIA was less sensitive to change in TBW than D dilution. This is in contrast to the stable body composition and good agreement between BIA and TBW D measured using the FA-MS method that we observed during a 12-mo period in a cohort of healthy subjects (25) . It is notable that in the low comorbidity group, in which BIA detected an increase in TBW, this was associated with an increase in LBM, whereas BIA was less sensitive to increases in TBW in the more comorbid patients, in whom these changes will reflect increasing ECW. This again suggests that the BIA algorithm is better at identifying differences in TBW when associated with changing normally hydrated LBM rather than that associated with overhydration of tissues.
The prescribed "dry weights" for these groups of patients were overall static, which seems to suggest that clinicians were relatively unaware of these differences in body composition. The potential for additional information that might be of clinical value in these point-of-care measures of body composition is well illustrated in the example cases shown. For example, it is reassuring to the clinician that a change in body composition has been favorable (e.g., TBW increase associated with an increase in muscle mass rather than overhydration or when a dramatic increase in weight can be attributed to fat rather than fluid). It is also clear that in some individuals, severe overhydration can occur; this is especially worrying when absolute TBW is increasing despite a BIA predicted fall in TBW as a proportion of body weight as a result of accelerated loss in muscle mass that might, in error, be seen as increasing body fat.
Conclusions
There is a case for combining both absolute and relative measures of body composition to monitor longitudinal body composition in dialysis patients. This is also now a feasible option. Further research is required to determine the actual value of these measurements in terms of clinical benefit to patients. is a 50-yr-old man who had difficulty in achieving clinical dry weight as a result of intradialytic hypotension. He lost 3.5 kg during the year of study, but this is due in part to having undergone a nephrectomy. BIA suggests that weight loss is fat, but the disproportionate increase in TBW D indicates that he has become relatively overhydrated (not identified by BIA). Patient 4 (ࡗ) is a 78-yr-old woman with severe comorbidity, including coronary heart disease, diabetes, and heart failure. She lost 9 kg in body weight. The BIA indicates an increase in percentage of body fat, but this is due to excessive loss in lean tissues. TBW D /wt is increased at baseline, indicating overhydration, but becomes much more so during the study, again not identified by the BIA.
Appendix: Equations Used to Derive Estimates of TBW
Male (black) ϭ Ϫ18.39 Ϫ (0.09 ϫ age) ϩ (0.34 ϫ weight) ϩ (0.25 ϫ height) Female ϭ Ϫ10.50 Ϫ (0.01 ϫ age) ϩ (0.20 ϫ weight) ϩ (0.18 ϫ height) Female (black) ϭ Ϫ16.71 Ϫ (0.05 ϫ age) ϩ (0.22 ϫ weight) ϩ (0.24 ϫ height)
